The objective of this study was to investigate the weldability of a new laminated material based on nichrome powder alloy using tungsten inert gas welding. Results revealed that nichrome-laminated powder alloy could be successfully joined by TIG welding. Two typical fusion zones were formed between different layers (Ni cover layer and nichrome base layer) and weld metal. Moreover, fusion zone of nichrome powder alloy was jagged due to the presented porosity. Between nichrome powder alloy and the filler metal, elements diffusion was obvious and a transition zone about 80-85 µm was formed. Microhardness near the fusion zone of nichrome base layer side (210-250 MPa) is higher than that near the fusion zone of Ni cover layer . Phase constitutions of the welded joint consisted mainly of γ-Fe, δ-ferrite and γ-Ni (Fe, Cr). Furthermore, co-existing microstructure of γ austenite and a small amount of δ ferrite was observed in the weld seam.
Introduction
In the last decades, powder metallurgy components have been attractive in replacing wrought or cast materials due to their excellent performances such as the controllability of alloy content and density and low cost [1] [2] [3] . They are widely used in energy, powder and aerospace industries. For some special applications, it may be necessary to join powder metallurgy parts to one similar or dissimilar material as integrated components. Therefore, weldability of powder components must be very well established [4, 5] .
The welding of powder metallurgy components is complex due to the presence of internal porosities. Study on the weldability of powder metallurgy components has followed closely to the development of powder metallurgy technology and achieved an important breakthrough in the last twenty years [1, [6] [7] [8] [9] . The weldability of powder metallurgy materials is closely related to its relative density. Depending on the relative density of powder metallurgy components, a suitable welding process should be designed [6, 8] .
*Corresponding author: tel.: +86-0531-88392924; fax: +86-0531-88392924; e-mail address: yajli@sdu.edu.cn An excellent joint of powder metallurgy components could be obtained by controlling welding parameters, selecting suitable filler alloy, and retaining a good penetration ratio [1, 3, 4, [10] [11] [12] .
Three difficulties have been identified in the welding process of this nichrome-laminated powder alloy. First, low melting phases and columnar austenitic grains are easily formed, resulting in segregation of impurities, and hot cracking sensitivity. Second, segregated phases formed during the solidification of weld metal, reduce plasticity in the welding zone. Third, when heated by a welding arc, the cover layer of the laminated materials is easily separated from the base layer, inducing a weak connection [8, 13, 14] . It would be extremely significant to accelerate the application of this material if it was possible to achieve a satisfactory joint with excellent, crack-free characteristics.
Nichrome powder metallurgy was studied since the 1960s, and now the manufacturing technology has reached an advanced stage [15] [16] [17] . However, many works studying a weldability of high temperature powder metallurgy are related to iron based powder alloy. Research related to the weldability of nichrome powder alloy is sparse and no reports have been issued so far. Among all the joining methods mostly considered, tungsten inert gas welding (TIG) process can provide suitable results in many situations because of its flexibility in controlling parameters, such as heat input, travelling speed and type of filler alloy [1, 3, 4, 8, 10-12, 18, 19] . In this paper, TIG welding process was performed to study the weldability of a laminated material based on nichrome powder metallurgy. This nichrome-laminated powder alloy could be used in manufacturing components for aerospace, energy and chemical industries, which is necessary to withstand high temperature and corrosion [20] .
Experimental details
Materials used were a sandwich plate comprised of a super Ni cover layer (Ni > 99.5 %) and a Ni80--Cr20 base layer (Fe < 0.6 %). Ni80-Cr20 base layer was a kind of nichrome based powder alloy. Relative density of Ni80-Cr20 base layer was 6.77 g cm −3 and porosity ratio was about 35.4 %, determined by digital image analysis techniques. The stainless steel was 18Cr-9Ni austenitic steel and the filler alloy was Cr25-Ni13 wire. Thickness of the nichrome-laminated powder alloy and 18Cr-9Ni stainless steel is 2.6 mm. The chemical composition and mechanical properties of the studied materials are given in Table 1 .
The oxidation film and surface contamination of the materials were removed by mechanical and chemical methods before welding. A butt joint of the nichrome-laminated powder alloy and the austenite steel plate was designed and subsequently welded by tungsten inert gas welding (TIG) process with Cr25--Ni13 filler alloy. Main welding parameters are given in Table 2 . Because the thickness of the welded materials is only 2.6 mm, a low welding current is necessary and the direction of welding arc should be controlled towards 18Cr-9Ni stainless steel side.
Detailed microstructures of weld interface were examined by optical microscope and scanning electronic microscopy (SEM). Samples were cut from the joints using electro-discharge machining, ground using different grades of sand paper, polished and finally etched with a mixed solution of HCl, HNO 3 and CH 3 COOH (1 : 3 : 4) to examine the finer details of the microstructure. Microhardness was measured near the fusion zone of nichrome-laminated powder alloy side, via Shimadzu microsclerometer at a load of 50 gf.
A typical element distribution perpendicular to the interface of Ni80-Cr20 base layer and weld seam was measured via line scanning with X-ray dispersive spectrometer. Phase constitution was studied by means of X-ray diffraction (XRD).
Metallographic samples and thin slice samples were cut from the joint using electro-discharge machining, ground and polished. The slice samples were abraded into thickness 50 µm, and then prepared as thin film samples by electrolysing corrosion for transmission electron microscopy (TEM) and electron diffraction analysis (EDA).
Results and discussion

Macro photography and cross-section of the welded joint
In general, the metallurgy connection between different layers of the laminated material and the filler alloy is difficult. Specially, for a laminated material with a cover layer only 0.3 mm, molten loss phenomenon of the cover layer is prone to induce failure of the welding process. Typical macro photography of the welded samples is presented in Fig. 1 . Sound weld seam surface was formed.
Microstructure of the fusion zone
Section of the nichrome-laminated powder alloy is shown in Fig. 2 . White bone-shaped base metal is of austenite structure with small cellular subgrains.
Compact microstructure in the Ni-Cr base layer was formed after vacuum sintered and pressed. Valid metallurgy connection was formed between the nichrome--laminated powder alloy and the weld metal (see Fig. 4 . Two different regions were formed in the weld cross section: one is fusion zone between Ni cover layer and the weld metal and the other is fusion zone between Ni80Cr20 base layer and the weld metal (see Fig. 4a ). Different to traditional wrought or cast alloys, the fusion zone of nichrome powder alloy was jagged due to the presented porosity (see Fig. 4a ), similar to the feature of iron based powder alloy welded [8] .
Grain size in the fusion zone was smaller than that in Ni80Cr20 base layer. In the weld metal, the columnar crystals grew perpendicular to the fusion zone and large grain boundary was formed among different columnar crystal druses. The fusion zone between Ni cover layer and the filler alloy was narrow.
The main phase in the weld seam is equiaxed austenite grain with a partial remelting feature existing (see Fig. 4b ). A sound metallurgical connection was formed between the 18Cr-9Ni steel and the weld seam (see Fig. 4c ).
Element distribution between nichrome base layer and the weld
For further studying the typical elements transition between the nichrome alloy and the weld metal, the line scanning near the fusion zone of nichrome powder alloy was done by X-ray dispersive spectrometer and the results are presented in Fig. 5 .
Elements diffused obviously from partial nichrome base metal melting. The transition zone has a width about 80-85 µm. Fe transited from the filler alloy to the nichrome powder base metal, while Ni was opposite, transited from the nichrome-laminated powder alloy to the weld metal. The transition of Cr was not obvious due to its content nearly equal in the base metal and weld. Valid metallurgy joining was benefit from these elements transition between the filler alloy and base metal. The transition of Ni from the nichrome powder alloy to the weld mainly resulted in the formation of austenite phase. While only 18Cr-9Ni steel was welded with filler wire Cr25-Ni13 alloy, some ferrite existed in the weld seam. However, in the condition of this paper discussed, lots of austenitizing Ni element from the nichrome-laminated alloy diluted into the weld inducing the content of Ni element increasing. Therefore content of ferrite was cut down heavily in the weld seam and only a small amount of ferrite formed and distributed on the austenite grain boundary. The ferrite pattern was difficult to be distinguished in the metallograph.
Microhardness near the fusion zone of nichrome alloy
Microhardness testing results are shown in Fig. 6 . It can be found that microhardness in the weld is obviously higher than that in the nichrome-laminated alloy. Microhardness near the fusion zone of Ni80Cr20 base layer is 210-250 MPa, while that near the fusion zone of Ni cover layer is 190-210 MPa. This difference was concerned with the Cr concentration in various regions of the weld. The concentration of Cr near the fusion zone of Ni80Cr20 base layer side was higher than that near the Ni cover layer due to the diluteness of pure Ni from Ni cover layer transited into the weld. The higher the concentration of Cr in the phases, the higher the microhardness value was. Microhardness of the Ni80Cr20 base layer was higher than that of Ni cover layer. Meanwhile the different cooling speed in various parts of the joint was also an important factor influencing microhardness.
XRD analysis near the fusion zone of the laminated composite side
To further clarify the phase constitution of the welded joint, XRD analysis method was adopted. XRD analysis was carried out under the following conditions: working voltage 60 kV and working current 40 mA. The results are shown in Fig. 7 .
According to the XRD results, the welded joint consisted mainly of γ-Fe, δ-ferrite and γ-Ni (Fe, Cr) phase. Because of the transition of Ni element from the molten laminated composite, γ-Ni (Fe, Cr) phase was formed. And there are two kinds of austenite phase γ-Fe and γ-Ni (Fe, Cr) existing.
TEM analysis of base material and the welded joint
The fine structure and orientation relationship of grain lattice were studied for further discovering 
Typical micrograph of the weld seam is presented in Fig. 9 . Analysed by means of selected area diffraction, a composite diffraction of γ [211] and δ-Fe [111] existed in this area. The relationship between the crystal plane (111) of δ phase and the crystal plane (110) of γ phase is parallel. This result is a positive proof of the ferrite existing in the weld seam. If only austenite existed in the weld seam, solidification crack was easily to be formed in this region. Generally, a weld seam with austenite phase and about 5-10 percent of δ ferrite co-existing feature would be more expected [21] . A small amount of ferrite existed in the weld seam played an important role in reducing internal stress and hot cracking tendency and improving the combination property of the welded joint.
In the fusion zone of the laminated alloy joint, a special composite diffraction of γ-Fe and γ-Ni (Fe, Cr) phase was observed (see Fig. 10 ) other than the existence of γ and δ phase. Due to the element dilution of the nichrome-laminated alloy and the rapid cooling speed, there are γ-Fe and γ-Ni (Fe, Cr) phases coexisting in the weld seam. So the inhomogeneity phenomenon of phases is obvious in the weld seam. This would promote the residual stress level, and made it difficult to control the overall performance of the welded joint.
Conclusion
1. Nichrome-laminated alloy may be successfully joined by tungsten inert gas welding. Two fusion zones were formed between both layers (Ni cover layer and nichrome base layer) and weld metal. The fusion zone between nichrome alloy and weld metal was jagged due to the present porosity.
2. There is a diffusion of Fe and Ni in the fusion zone. Fe diffused from the filler metal to the nichrome base metal and Ni diffused from the nichrome-laminated alloy to the weld metal. Width of the transition zone was about 80-85 µm. Microhardness near the fusion zone of Ni80Cr20 base layer is 210-250 MPa, higher than that near the fusion zone of Ni cover layer (190-210 MPa).
3. Phase constitutions of Ni-Cr powder alloy included α-Cr (Ni) and γ-Ni (Cr) phases and the welded joint consisted mainly of γ-Fe, δ-ferrite and γ-Ni (Fe, Cr) phase. There were two kinds of austenite, γ-Fe and γ-Ni (Fe, Cr) co-existing in the weld seam due to the transition of Ni, Cr element in the welding process. Meanwhile the co-existing microstructure of γ austenite and a little δ ferrite was observed in the weld seam and the lattice orientation between δ and γ phases was (111) δ //(110) γ .
